Abstract-Aerial wireless sensor and actor networks are composed of multiple unmanned aerial vehicles. An actor node in the network has the capabilities of both acting on the environment and also performing networking functionalities for sensor nodes. Thus, positioning of actors is critical for the efficient data collection. In this paper, we propose an actor positioning strategy, which utilizes a hybrid antenna model that combines the complimentary features of an isotropic omni radio and directional antennas. We present a distributed algorithm for fast neighbor discovery with the hybrid antenna. The omni module of the hybrid antenna is used to form a self organizing network and the directional module is used for reliable data transmission. Extensive simulations show that our protocol improves the packet reception ratio by up to 50% compared to omnidirectional antenna. Moreover, the network reorganization delay is also reduced. The tradeoff between coverage and reorganization delay is also illustrated.
I. INTRODUCTION
Wireless Sensor and Actor Networks (WSANs) [1] consist of a large number of sensor nodes with limited capabilities, and a smaller number of actors, which process the collected information and react accordingly. The recent advances in Unmanned Aerial Vehicles (UAVs) made it possible to deploy Aerial Wireless Sensor and Actor Networks (AWSANs). UAVs are equipped with various types of sensors such as visual [2] or thermal [3] , for collecting environmental data, which increases their popularity in a wide range of applications [4] .
In AWSANs, actors act on the environment by using actuators such as servo-mechanisms. For instance, lowflying helicopter platform proposed by Thrun et al. [5] provides ground mapping and air-to-ground cooperation for autonomous robotic vehicles. Besides acting on the environment and collecting data, actors also perform networking-related functionalities such as processing or relaying data in multi-UAV systems. Compared to single-UAV systems, multi-UAV systems have advantages such as scalability and survivability. There are numerous applications for multi-UAV systems and some of these applications such as toxic plume observation or atmospheric sensing focus on continuous observation of three dimensional (3-D) space.
The formation and dynamic adaptation of the network topology in 3-D space is important for the coverage of the 3-D environment and the effective data collection. Sensor networks have been utilized recently for applications in 3-D space such as space exploration, airborne and underwater surveillance [4] . However, these solutions in different domains do not directly apply to UAV systems, which have their own unique challenges. For instance, the dynamic environmental conditions and node movements complicate the maintenance of communication links. The nodes in AWSANs are mobile with higher speeds compared to most other systems. Therefore, the topology changes are more frequent. The radio links and physical layer characteristics are also different in AWSANs since the communication ranges are generally longer than underwater sensor networks or vehicular networks. Thus, a positioning strategy for AWSANs must be able to attain and maintain 3-D coverage of the observed environment while taking these constraints into account. In our initial work ( [6] , [7] ) a scalable algorithm for dynamic positioning of actors is proposed to provide high connectivity and coverage. In this paper, we apply our novel actor positioning strategy to real-world scenarios by utilizing a rotatable hybrid antenna model (O-BESPAR) [8] . Our positioning algorithm is based on the Valence Shell Electron Pair Repulsion (VSEPR) theory [9] , which is utilized to define the positions of actors with respect to the sink. The positioning strategy is adapted to the constraints of UAV systems such as quick neighbor discovery during flight in 3-D space, varying signal strength depending on the antenna orientation and reorganization requirements in case of topology changes. For this purpose, the characteristics of different antenna modules are analyzed based on field experiments. According to results of these experiments, the rotatable hybrid antenna model is utilized with actor-sink communication, actor rearrangement algorithms, and beamforming.
The remainder of the paper is organized as follows. Section II discusses literature review. Section III presents the positioning system model, rotatable O-BESPAR antenna model and communication protocols. The simulation results presented in Section IV demonstrate how our antenna model in conjunction with the positioning algorithm improves the performance of AWSAN. Finally, we conclude in Section V.
II. RELATED WORK
The literature on dynamic node positioning is mostly limited to two dimensional (2-D) space and the designed accordingly become NP-hard in 3-D. 3-D solutions aim to have the least number of polyhedrons for maximal coverage [10] . These assumptions are not applicable in real world environmental monitoring scenarios because of two main challenges. First, the number of nodes and their locations are restricted by the investigated environment and reception ranges of nodes. Second, the dynamic UAV network topology and flight must be handled efficiently considering the properties of the antennas.
Bai et al. [11] studied the problem of constructing a 3-D WSN, which achieves low-connectivity and full-coverage by using the least number of sensors. The 'low connectivity' in this approach is defined as having at least k disjoint paths between any two sensors, where k ≤ 4. Slab Routing by Chiang and Peng [12] adapts 2-D geographic face routing techniques to 3-D space by dynamically creating a space partition and executing face routing over the planar projected graph of nodes. Lee et al. [13] address the deployment problem for a swarm of autonomous mobile robots. Each robot interacts with three neighboring robots in a selective and dynamic fashion without using any explicit communication so that four robots eventually form a regular tetrahedron. Our approach utilizes VSEPR theory of chemistry, proposed by Gillespie and Nyholm [9] . According to VSEPR theory, the maximum repulsion of the electron pairs or atoms defines the geometric optimum positions of peripheral atoms.
The communication reliability advantages of directional antenna have been discussed in literature (see [14] ). Jiang et al. [15] demonstrate a localization scheme using beacon nodes with directional antennas, which rotate regularly. After evaluating the received signal strength indication (RSSI) values of the beacon signals, a sensor node estimates the orientation relative to the beacon node. However, this approach works for the 2-D static or mobile sensor networks but not for 3-D space, since neighbor discovery with a directional antenna can incur significant delays.
Beam steering based [16] and scan-based [17] algorithms with directional antenna are also proposed. Beam steering works for infrastructure based networks. It is not practical for UAV networks while scan-based approach requires all nodes to follow the same search sequence. Adaptive Medium Access Control protocol for UAV (AMAC UAV) [18] is designed for a network of UAVs with directional antennas. Each UAV is equipped with two directional antennas for data transmission and two omnidirectional antennas for location packets.
Data transmission via omni antenna is limited by the transmission range of the antenna. As the number of antennas increases, the complexity of the algorithm and the power requirements also increase. Moreover, the data transmitted by omni antenna has a high probability of packet loss, especially when the node is mobile. 
III. FLIGHT AND ANTENNA MODEL A. Aerial positioning model
The positioning model is designed for determining the locations of actors around a central sink node. The sink node has the highest communication capabilities and it is the main data collector. Actors transmit the collected information to the sink and react to the environmental events according to the application's scope. The network among actors and the sink is the communication backbone of the AWSAN. The positioning strategy preserves 1-hop connectivity between each actor and the sink by using the VSEPR theory, which is the most successful model for prediction of closed-shell molecule geometries. In our approach, the possible actor positions for different number of actors are determined according to VSEPR theory geometries, which are given in Fig. 1 . Then these physical locations are converted into a virtual coordinate system with the sink serving as the origin. The number of actors (n) and the communication ranges of the nodes are the defining factors for the locations.
The geometries formed by the UAVs using the VSEPR theory are identified by creating a virtual coordinate system, which has the sink at the origin. The main direction in the flight plan of sink forms the x-coordinate and the positions of the actors are defined with respect to the sink and its flight direction. The formulation of geometries is important for the definition of actor positions and the transitions between geometries. The actor positions according to the defined coordinate system are given in Table I . According to VSEPR theory, the actors are located on the z = 0 plane when the number of actors are less than four. The actors form "Linear" and "Trigonal planar" geometries, in which the angle between two neighboring actors is defined as Θ = 360 n . When there are four actors, the sink is located at the center with substituents located at the corners of a tetrahedron with connection angles of cos
• . The positions of the nodes in VSEPR geometries are calculated such that the least distance between any two pairs of nodes is maximized. To achieve this maximum distance when the number of actors exceeds four, two of the actors are positioned on z-axis and the rest of the actors are positioned on the z=0 plane with a connection angle of Θ= 360 n−2 . Hence, "Tetra-hedron", "Trigonal bipyramid" and "Octahedron" geometries are formed by five, six and seven actors. When there are eight surrounding actors, the characteristics of VSEPR theory allow multiple possible geometries. However, the square antiprism is the favored geometry, which corresponds to the shape when eight points are distributed on the surface of a sphere according to the repulsion among each other. The resulting positions of actors for each geometry are given in Table I .
The positioning algorithm for actors, which uses the number (n) and reception range of actors (r), is given in Algorithm 1. Our positioning approach is improved by using a realistic antenna model and by modifying the positioning algorithm accordingly. Algorithm 1 assumes spherical transmission and reception ranges with identical RSSI and loss rates at every communication angle. However, these factors are effective in the performance of real life UAV systems. Therefore, the characteristics of the antennas are critical to adapt the algorithm to real-life constraints. 
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B. O-BESPAR antenna model
O-BESPAR antenna model leverages the complementary properties of omnidirectional and directional antennas. While omnidirectional antennas enable 360 degrees of coverage when needed, the directional antennas provide high throughput and low interference. In addition to this important unifying characteristic, O-BESPAR is utilized for our flight model based on its several properties, which can be summarized as follows:
• Utilization of two independent directional beams permits a node to transmit and receive simultaneously.
• The light weight and small size of the module make it rotatable so that the beamforming can be steered to any direction in 3-D.
• Cooperation of omnidirectional and directional antennas permits different transmission rates for data transferring. Our communication protocol incorporates an efficient neighbor discovery mechanism, which not only allows UAVs to discover each other rapidly but also enables quick alignment of directional beams to maximize the data transfer opportunities. According to our communication protocol, actors broadcast control messages through the omni module in order to exchange location information with the sink. After both beams are steered to each other, the data transmission commences over the directional module. However, the transmission range of the omni antenna is much smaller than the directional ESPAR module. Therefore if no neighbor is found by the broadcast of the omni module, the communication protocol uses the directional module to perform bi-directional beam sweeping. Each beam covers 180 degrees so that the scanning delay is minimized.
GPS receiver and altitude sensor are commonly used builton equipments for UAVs nowadays. After using omnidirectional antenna module to locate the actors, the sink has to calculate the angle difference to steer one of its directional beams to the sink. The angle, (φ, θ) A,S , between the sink, S, and an actor, A, is calculated as follows:
where φ and θ stand for the angle of beamforming in horizontal and vertical plane separately.
We utilize two-ray ground path loss as the propagation model. According to this model, the receiving power P r depends on the transmission power P t , antenna gain of transmitter G t , antenna gain of receiver G r , distance between the actor and sink d A,S , the wavelength λ and the antenna heights H t and H r . The calculation of the receiving power P r is given as follows:
In our prior experiments [19] , we have shown that the orientation of omni antenna affects the RSSI value. Thus, the omnidirectional antenna is not completely isotropic in a 3-D network. In particular, the measurement of RSSI is extremely important for the positioning schemes for two reasons. First, the neighbor discovery packets are sent from the omni antenna module. If the RSSI value is too low, actor UAV has to sacrifice the coverage to fly closer to the sink. Second, the actor UAVs fly around the sink and keep their positions in the flight. If the sink UAV does not receive the beacon messages from some actor for time out, that actor UAV is assumed to be lost and the network topology is changed to a non optimal geometry.
C. Communication and rearrangement protocols
We propose two protocols for the communication between the sink and actor UAVs. There are three main features for these protocols. First, the control packets (10 bytes beacon and 2 bytes ACK) and data packets are transmitted by the omni and directional module separately. Thus, omni module performs fast neighbor discovery and directional module guarantees successful data delivery. Second, the protocol works with our actor positioning algorithm to form and change the VSEPR geometries. In other words, the sink achieves dynamic positioning for the actors. Third, during the flight, the sink must respond to the change of VSEPR geometry efficiently. Since some actors may leave or join the network, the protocol includes a repositioning mechanism which rearranges the actors and updates the beamforming direction. , 0, r.
, r.
, r. The main algorithm for the communication between actor and sink UAVs is presented in Algorithm 2. Before transmitting the collected data to the sink, an actor node uses omni antenna module to broadcast beacon messages, which contain its ID and current 3-D location ((x,y,z) coordinates). When the sink receives the beacon messages, it checks Algorithm 2 Actor-Sink UAVs Communication Protocol Procedure: 1: if Uactor has data to transmit then 2: Broadcast Beacon through omni module 3: if U sink received Beacon through omni module then 4: if Uactor ID had been recorded by U sink then 5: Reply ACK (omni) and direct one beam to Uactor Update n and operate Alg. 1 8: Reply ACK (omni module) and direct one beam to Uactor by rotating (φ, θ)A,S 9: end if 10: if ACK is received by omni module of Uactor then 11: Direct one beam to U sink by rotating (φ, θ)A,S 12: else if Uactor does not receive ACK then
13:
Uactor sends Beacon (directional module) 14: if U sink receives Beacon then 15: Update n and operate Alg. 1 16: Reply ACK (omni), direct one beam to Uactor 17: end if 18: if ACK is received by Uactor then if No ACK is received by both antenna modules then
25:
Uactor stores the data into a buffer The communication links of omni module may fail occasionally due to obstacles, interference or low RSSI value caused by its orientation. We propose Algorithm 3 to make O-BESPAR antenna model adaptable to the dynamics of geometrical flight model. If the sink does not receive any beacon from an actor, which has been connected for T timeout , it assumes that the actor has left the geometry and sends out a Position Update Message (PUM). PUM has 10 bytes and it is used to rearrange actors' positions with the purpose of maximizing network coverage. Change the position and calculate (φpum, θpum)UAV 6: Direct one beam to the U sink 7: end if
IV. SIMULATION STUDY
The simulation study is conducted in the ns-2 simulator. The O-BESPAR antenna model, VSEPR theory flight structures, the communication and flight control protocols are implemented and tested. The performance of packet reception ratio (PRR), actors' reorganization delay, and RSSI are evaluated to show the efficiency of the algorithm. The relationship between RSSI and coverage by two antenna models is also discussed.
A. Simulation configuration
There are 30 UAVs in the simulation, two to eight of which are actors and one of which is the sink. Zigbee which has been integrated in many off-the-shelf sensors on UAV is implemented for MAC and physical layer communications. The target area size is 1000m×1000m. According to the specs of UAVs [20] , the simulation time is set to 15 minutes and the flying speed of actor and sink is 1 m/s. The sink and actors fly with a predefined plan while maintaining the geometry. We assume the sensor UAVs fly at altitudes different from the actors and the sink. Their flying speed and movements are random and their communications cause interference to the UAVs in geometrical flight. Five beacons per second are sent out by the actor to search for the sink. Each UAV includes a queue of 50 packets.
O-BESPAR antenna works in 2.4GHz frequency band. The sink and actor UAVs have the same antenna structures. The transmission radius of omni module on each UAV is 10 meters. According to the relationship of transmission range between omni and directional modules [8] , the transmission distance of the beamforming is 28 meters. For bi-directional beam sweeping, the beamwidth is configured as 60
• . Therefore the sweeping angle of each time is 60
• and the beam sweeps from 0
• to 180
• .
B. Simulation Results

1) Packet transmission experiment:
The PRR of two antennas are evaluated for all of the VSEPR geometries. Fig. 2  and 3 show the PRR performance of the omni and O-BESPAR antennas in different geometries (shown in Fig. 1 ) when the number of actors increases from two to eight. When the number of actors are lower than six, the PRR of omni antenna is between 50% and 60%. The PRR of O-BESPAR antenna varied between 97% and 99%. In pentagonal bipyramid and square antiprismatic geometries, the PRR of actor UAVs drops between 40% and 50% by using omni antenna. Meanwhile, O-BESPAR antenna guarantees the PRR of AWSANs higher than 95%. The packet loss of omni antenna increases as more actors transmit packets to the sink. There are two fundamental reasons for packet loss. Due to the interference from other non-actor UAVs in flight, omni antenna has much more transmission collisions than O-BESPAR antenna. In addition, the actor has varied link quality values as the RSSI is affected by antenna orientation. The PRR of actor 1 drops in square antiprismatic geometry because of the poor RSSI at that orientation. For O-BESPAR antenna, the increase of number of actors makes directional module of the sink busy. The data packet is lost if the buffer is full or the timestamp is expired. 
2) Reorganization experiment:
The actor-sink link is prone to failure due to flying path dynamics and interference. Then the sink repositions actors and updates the geometry for a As Fig. 4 shows, larger number of actors results in longer reorganization delay. Generally, the time delay of both antenna models is similar since O-BESPAR also uses omni antenna module to search neighboring UAVs. However, there is a time gap between two models. For omni antenna, as a result of transmission of both control and data packets, either actor or sink does not exchange beacons until the end of data transmission. It causes a long reception delay of control packets. For O-BESPAR antenna, only the beacon packets are sent through omni module, which minimizes the time delay of actor relocation.
3) Antenna orientation and coverage: As discussed in the previous section, the orientation of omni antenna module causes poor RSSI which decreases PRR at some positions. The loss of beacon messages increases reorganization time delay of UAVs. Therefore, those UAVs with poor RSSI need to fly closer to the sink in order to guarantee the RSSI. However, as distance between the actor and the sink becomes shorter, network coverage becomes smaller. As a result, there is a tradeoff between coverage and RSSI of UAVs. Fig. 5 shows the RSSI of each actor UAV in the geometry flight. Most of actors maintain the RSSI in each geometry, however, some actors have higher beacon packet loss due to poor RSSI of the orientation. Based on the RSSI values in different geometries, the actor whose RSSI is smaller than the original flies closer to the sink to achieve the same RSSI. When the actors fly closer to the sink, the coverage of network is changed. The coverage is measured by the volume covered by the network geometry in the air. Fig. 6 presents the original and updated network coverage values. Total coverage of the network is critical since when it increases, the data sensing range of the actors also increases. The network has to sacrifice at most 13% of coverage to fulfill the RSSI requirement of omni antenna. In particular, this tradeoff between RSSI and network coverage can be used as an indication of the network design, such as the requirements of delay tolerant AWSAN. In this paper, we present a positioning approach which utilizes O-BESPAR antenna model in AWSANs. The positioning algorithm, which is based on VSEPR theory, is proved to achieve effective coverage for AWSANs. However, the dynamic positioning requirement, defective signal strength of omnidirectional antenna and unreliability of links pose challenges for AWSANs. Our algorithms take advantage of the hybrid antenna model to improve the efficiency and availability. We present extensive simulations with 3-D radio characterization to demonstrate the improvement of PRR and network reorganization delay. The variance of network coverage caused by omnidirectional antenna orientation is also discussed. As future work, we plan to build O-BESPAR antenna module and test the performance of our approach in a real 3-D testbed.
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